This paper presents a design approach for carbon fiber-reinforced polymer (CFRP) 
INTRODUCTION
With the advent of innovative fiber-reinforced polymer (FRP) materials, the current focus of ongoing worldwide research [1] [2] [3] [4] [5] [6] is to gather experimental data, and develop and formulate design guidelines for structures reinforced and prestressed using FRP materials. Due to a lack of uniformity in testing procedures, material characteristics definitions, and reporting procedures, however, there are no suitable guidelines for the design of FRP-reinforced and prestressed concrete beams. Although early testing on FRP materials to develop suitable design guidelines started in Japan, similar research [7] [8] in the United States of America and Europe started in the late 1980s. About 5 years ago, Gilstrap et al. 9 presented a comparative evaluation of the previously developed design philosophies. They have referred Canadian, European, and Japanese efforts to codify FRP materials and assess the relative merits of each design approach. Dolan and Burke 10 and Abdelrahman and Rizkalla 11 have examined the flexural behavior of beams partially prestressed using CFRP reinforcements. Most recently, Burke and Dolan 12 have presented an approach for the flexural design of beams prestressed with bonded FRP tendons provided in a single layer. A similar design approach for an under-reinforced beam prestressed with bonded tendons in multiple layers is presented by Dolan and Swanson. 13 From the aforementioned research investigations, it is indicated that there is no unified design approach for the CFRP-reinforced bridge beams prestressed using combined bonded and unbonded CFRP tendons arranged in vertically distributed multiple layers.
In this study, flexural design equations taking into account the effect of multiple layers of bonded pretensioning tendons and unbonded post-tensioning strands, and non-prestressing tendons in tension and compression zones are derived. In addition, a special-purpose, nonlinear computer program was developed that incorporates the design equations developed, taking into account the parabolic stress-strain relationship for concrete and linear stress-strain relationship for CFRP tendons. The accuracy of the program was validated by comparison with an experimentally determined flexural response 14 (considering such response parameters as deflections, forces in unbonded post-tensioning strands, and strains). A parametric study is presented for the double-T (DT) bridge beam (identical to those used in the Bridge Street Bridge 15 ) to examine the effect of reinforcement ratio and the level of prestressing on the load-deflection response.
into under-reinforced and over-reinforced sections. Moreover, to predict the overall load versus deflection, strain, and posttensioning force relationships, a special-purpose, nonlinear computer program was developed incorporating a parabolic stress-strain relationship for concrete and a linear stressstrain relationship for CFRP tendons. The nonlinear computer program is based on computing the resultant compression force in concrete using equivalent rectangular stress block and associated factors, which give the same resultant compression force and its location as obtained using a parabolic stress-strain relationship. Unlike Whitney's stress block factors (ACI 318 17 ), these equivalent rectangular stress block factors are not constant but depend on the level of extreme compression fiber strain and type of section. Equations for computing the equivalent rectangular stress block factors corresponding to parabolic stress-strain relationship in concrete are presented later in the section entitled "Nonlinear response."
Definition of material characteristics
The guaranteed ultimate tensile strength, guaranteed rupture strain, and modulus of elasticity of tendons must be specified by the designer and compared against the data provided by the manufacturers. The guaranteed strength 1, 18 refers to the mean break strength reduced by three standard deviations. Similarly, the guaranteed rupture strain refers to the mean rupture strain reduced by three standard deviations. The specified guaranteed tensile strength of CFRP tendons is based on at least five test specimens. 1, 18 The following are the basic steps to be followed for the flexural design of prestressed beam with bonded and unbonded CFRP tendons/strands: 
Select and proportion the cross section
Select and proportion the cross section of the beam and specify the number and arrangement of the bonded prestressing tendons, unbonded post-tensioning tendons, and non-prestressing tendons in tension and compression zones. The maximum prestress force in the CFRP tendons should be limited to 65% of the specified tensile strength of tendons. 18, 20 3. Compute balanced ratio ρ b The balanced ratio is based on strain compatibility in the cross section and signifies the reinforcement ratio at which simultaneous failure of concrete in compression and rupture of the bottom bonded prestressing tendons occurs. This balanced ratio 12 is based on four basic assumptions: a) the ultimate concrete compression strain ε cu is 0.003; b) the nonlinear behavior of concrete is modeled using an equivalent rectangular stress block; c) tendon failure occurs at the ultimate tensile strain of tendon, ε fu ; and d) an equivalent prestressing tendon is located at the centroid of multiple layers of prestressing tendons of the same material properties.
(1) where β 1 = factor defined as the ratio of the depth of equivalent rectangular stress block to the distance from the extreme compression fiber to the neutral axis; f c ′ = specified compressive strength of concrete; f fu = specified tensile strength of bonded prestressing tendons; and ε pbmi = initial prestressing strain in bonded prestressing tendons of m-th row (bottom row). Note that the aforementioned balanced ratio is based on material properties of bonded prestressing tendons with the assumption that bonded prestressing tendons are susceptible to early failure. It should also be noted that unlike the balanced ratio for steel, the balanced ratio for FRP bars/tendons does not signify the yielding, but rather, the failure/rupture of bars. Hence, there is no reserve strength of FRP bars/tendons beyond rupture. Limiting the initial effective prestressing strain in FRP tendons, however, can provide an appropriate safety margin against creep and rupture of tendons under service load conditions. Herein, the actual reinforcement ratio of the section is defined as the ratio of the total weighted crosssectional area of tendons to the effective concrete crosssectional area. The weighting factor α i is defined as the ratio of the stress in a particular equivalent tendon (that is, a tendon located at the centroid of tendons of the same material and having the cross-sectional area equal to the total crosssectional area of corresponding tendons) at the balanced condition to the specified ultimate strength of bonded pretensioning tendons. Herein, the balanced condition refers to the condition at which crushing of concrete and rupture of the bottom pretensioning tendons occurs simultaneously. The following expression should be used for calculating the reinforcement ratio. This expression is obtained using equilibrium of forces and compatibility of strains in the cross section. (2) where
A fi = cross-sectional area of reinforcement of a particular material (A fi is positive for tensile reinforcement and negative for compression reinforcement); A fu = total cross-sectional area of post-tensioning tendons; A pb = total cross-sectional area of pretensioning bonded tendons; A pn = total cross-sectional area of non-prestressing tendons located in webs; A pnf = total cross-sectional area of non-prestressing tendons in flange; b = flange width of the beam; d m = distance of centroid of bottom prestressing tendons from the extreme compression fiber; f bi = total stress in an equivalent tendon of a specific material at the balanced condition; f pbb = flexural stress in the equivalent bonded pretensioning tendons at the balanced condition: f pnbb = flexural stress in the equivalent non-prestressing tendons of webs at the balanced condition: f pnfb = flexural stress in the equivalent non-prestressing tendons of flange at the balanced condition; f pub = flexural stress in the equivalent unbonded tendons at the balanced condition;
= resultant initial effective pretensioning force;
F pui = resultant initial effective post-tensioning force; m = total number of layers of bonded pretensioning tendons; and p = total number of reinforcing materials.
Compute cracking moment M cr of section
The cracking moment can be determined using the concept that stress in the extreme tensile fiber of the prestressed section 
where f r = 6.0√ f c ′ (ACI 318 17 ) Σσ bp = resultant stress at extreme tension fiber of the beam due to effective pretensioning and post-tensioning forces; and S b = section modulus corresponding to the extreme tension fiber.
Calculate flexural capacity
The flexural capacity of the DT-beam, box-beam, and AASHTO-I beam provided with prestressing bonded and unbonded tendons arranged in vertically distributed multiple layers and classified as significantly under-reinforced, underreinforced, and over-reinforced beams can be determined using the following approach. These beams are used in the construction of prestressed concrete bridges. (Burke and Dolan 12 ). The failure of such beams will occur due to the rupture of the bottom prestressing tendons. The compressive stress distribution at ultimate for a typical significantly under-reinforced DT-beam will be triangular because compressive stresses in such a section will be within the linear elastic range. The strain distribution will be similar to that shown in Fig. 2 for the over-reinforced beam, except that the strain in the bottom prestressing tendon will be equal to specified rupture strain for prestressing tendons.
Assume that there are m rows of pretensioning tendons and k rows of non-prestressing tendons arranged vertically in the webs of the DT-beam, box-beam, and AASHTO-I beam sections. The first row lies at the top, while the m-th and k-th rows lie near the bottom of beams.
The depth to neutral axis is defined as n = k u d m , where coefficient k u for the significantly under-reinforced section is defined by Eq. (4). This equation is derived using compatibility and equilibrium equations. 
F pe = total initial effective pre-tensioning and posttensioning force; E fi = modulus of elasticity of bonded tendons in a particular layer; E fp = modulus of elasticity of unbonded strands; h i = distance of bonded tendons of an individual layer from the extreme compression fiber; ε f = difference in ultimate rupture strain and initial prestressing strain of bottom prestressing tendons; q = number of layers of bonded tendon; and Ω c = bond reduction coefficient for elastic cracked section (Naaman and Alkhairi 22 ) = Ω(I cr /I tr ) where Ω = bond reduction coefficient for elastic uncracked section (Naaman and Alkhairi 22 ) = 1/2 for one-point loading = 2/3 for two-point loading or uniform loading; I tr = gross transformed moment of inertia of cross section; and I cr = gross transformed moment of inertia of cracked section. Note that bond reduction coefficients are introduced to take into account the lower strain in unbonded tendons with respect to equivalent bonded tendons (Naaman and Alkhairi 22 ). Also, it is assumed that the section is not cracked under the service load condition. The following steps are taken to compute the moment-carrying capacity of the beam.
i. Compute strains in bonded tendons and concrete Strain in prestressing tendons of an individual row,
Strain in non-prestressing tendons of an individual row,
Strain in non-prestressing tendons of flange top,
Fig. 2-Strain and stress distributions for over-reinforced beam at ultimate.
Strain in non-prestressing tendons of flange bottom,
Strain in concrete at the extreme compression fiber,
where d j = depth from extreme compression fiber to the centroid of prestressing tendons of an individual row; h j = depth from extreme compression fiber to the centroid of non-prestressing tendons of an individual row; h k = depth from extreme compression fiber to the centroid of bottom non-prestressing tendons; d b = depth from extreme compression fiber to the centroid of non-prestressing tendons at the bottom of flange; d t = depth from extreme compression fiber to the centroid of non-prestressing tendons at the top of flange; n = depth to the neutral axis from the extreme compression fiber; ii. Compute strains in unbonded post-tensioning tendons Strain in the unbonded post-tensioning tendons,
iii. Compute stresses in tendons Stress in bonded prestressing tendons of an individual row, f pbj = E f × ε pbj ≤ f fu Stress in unbonded post-tensioning tendons, f pu = E fp × ε pu ≤ f fup Stress in non-prestressing tendons of an individual row, f pnj = E fn × ε pnj ≤ f fun Stress in non-prestressing tendons at flange top, f pnt = E f × ε pnt ≤ f fu Stress in non-prestressing tendons at flange bottom,
iv. Compute resultant forces in tendons Resultant force in bonded prestressing tendons of each row,
Resultant force in unbonded post-tensioning tendons,
Resultant force in non-prestressing tendons of each row,
Resultant force in non-prestressing tendons at flange top,
Resultant force in non-prestressing tendons at flange bottom, F pnb = f pnb × A fnb where A fb = total cross-sectional area of bonded prestressing tendons in each row; Afn = total cross-sectional area of non-prestressing tendons in each row; A fnt = total cross-sectional area of compression non-prestressing tendons at flange top;
A fnb = total cross-sectional area of compression non-prestressing tendons at flange bottom; and A fu = total cross-sectional area of unbonded tendons.
v. Compute ultimate moment-carrying capacity Let the centroid of the resultant (F R ) of tensile forces F pbj (for j = 1, m), F pnj (for j = 1, k), and F pu lies at a distance d and the centroid of resultant compression force (C R ) lies at a distance d from the extreme compression fiber. Here, resultant compression force comprises of compression force in concrete and compression reinforcement. Nominal moment of resistance M n is expressed as follows
where (6) The design moment capacity M u is expressed as
where φ = strength reduction factor; and φ = 0.85 for CFRP tendons (Burke and Dolan 12 and CHBDC 23 ). vi. Compare design moment capacity and required moment capacity
vii. Check for stresses in concrete (9) E c = modulus of elasticity of concrete; and f pbmi = initial effective prestress in the bottom tendons.
(Tan et al. 24 ) (10) where E c can be taken as equal to 57,000√f c ′ psi (ACI 318 17 ) in the absence of experimental results. If f c ≥ 0.40 f c ′ , then the moment capacity of beam should be calculated as per the procedure outlined as follows for an under-reinforced beam.
B. Under-reinforced beams-The reinforcement ratio ρ of under-reinforced beams lies between 0.5ρ b and ρ b (Burke and Dolan 12 ). In this class of beams, the rupture of bottom prestressing tendons governs failure. Unlike significantly under-reinforced beams, however, the stress in the concrete at failure of under-reinforced beams will be within the nonlinear range. The concrete stress distribution can be approximated by Whitney's rectangular stress block (Fig. 2) . The strain distribution will be similar to that for the significantly underreinforced beam. The depth to the neutral axis (n = k u d m ) of under-reinforced beam can obtained using coefficient k u defined by
Compute strains and stresses The strains, stresses, forces in bonded tendons, and moment capacities are calculated in the same manner as for significantly under-reinforced beams. Computation of strains and stresses in the unbonded tendon, however, is based on the ultimate bond reduction coefficient Ω u due to nonlinearity of stress and strain relationship in the concrete. The resultant compressive force in concrete is computed using Whitney's equivalent rectangular stress block. The compression force resultants corresponding to concrete topping and flange of precast section are expressed by Eq. (12) and (13), respectively. These compression force resultants are added to resultant forces in compressive reinforcements to get resultant compressive force of the section. tensioning strands. C. Over-reinforced beams-For over-reinforced beams, reinforcement ratio ρ is greater than balanced ratio ρ b (Burke and Dolan 12 ) . The failure of over-reinforced beams is governed by the crushing of concrete in the compression zone. The stress in the concrete at failure will be in the nonlinear range and hence, the stress distribution can be approximated by Whitney's rectangular stress block (Fig. 2) . In over-reinforced sections, the depth to the neutral axis (n = k u d m ) can be determined using the coefficient k u defined in Eq. (14) . This coefficient is derived using equilibrium and compatibility equations for the section. (14) where
A fj = cross-sectional area of prestressing or non-prestressing bonded tendons in an individual row; E fj = modulus of elasticity of bonded tendons of an individual row; h j = distance of bonded tendons from the extreme compression fiber; and q = total number of layers of bonded prestressing and non-prestressing tendons. i. Compute strains in tendons Strain in bonded prestressing tendons,
Strain in non-prestressing tendons at flange top, ε pnt = (0.003/n)(n -d t ) Strain in non-prestressing tendons at flange bottom,
It is to be noted that the stresses and forces in tendons and concrete, and nominal and required moment capacities of the section can be calculated in the similar manner as for underreinforced beams.
DEFLECTION AND STRESSES UNDER SERVICE
LOAD CONDITION Assuming that the service live load is applied through twopoint loading system, the maximum beam deflection and tendon stresses prior to cracking load can be computed using the expressions given below:
Deflection due to applied load,
Deflection due to dead load,
Deflection due to prestressing forces, 
NONLINEAR RESPONSE
The response of the beam under service load condition and before cracking can be determined using simple linear elastic beam theory. However, to predict the overall response of the beam from the onset of cracking of the section to the ultimate failure, a nonlinear analysis is required. The non-linear stress and strain relationship for concrete can be modeled by the expression given in Eq. (15) . Similar parabolic stress strain
I c --------------------------
relationship for concrete was assumed by Tan, Abdullah-Al Farooq, and Ng 24 except that they have taken ε cu equal to 0.002. In the present investigation, however, ε cu has been taken as 0.003 as per the recommendation of ACI 318. 17 (15) where f c = stress in concrete corresponding to strain ε c .
The resultant compressive force in concrete based on a nonlinear stress-strain relation can be computed using equivalent rectangular stress block factors at any load stage. The stress block factors can be determined by equating the resultant compression force and its location obtained from nonlinear stress-strain relation to that obtained by equivalent stress block. Equation (16) expresses the resultant compression force, while Eq. (17) can be used to locate the centroid of resultant compression force.
(16) (17) Using Eq. (15) to (17) , the stress block factors for rectangular and flanged sections can be obtained using following expressions: 
where Using the linear elastic theory for computation of linear response and nonlinear stress-strain relation of concrete for the nonlinear response, a computer program was developed for predicting the overall load versus deflections, strains, stresses, forces in bonded and unbonded tendons, and moment curvature relationships. The nonlinear response is based on the incremental strain controlled approach, wherein equilibrium of forces is achieved for each level of compressive concrete strain and corresponding tensile strain. The calculation of deflection is based on numerical integration of curvatures along the length of beam.
EXPERIMENTAL VERIFICATION
To evaluate the accuracy of results predicted by the developed special-purpose, nonlinear computer program, analytical results were compared with experimental results 14 conducted on a full-scale DT-beam. The cross section of the DT-beam tested is given in Fig. 3 , while the test setup for the DT-beam is shown in Fig. 4 . The total span of the test beam was 20.4 m (67 ft). A four-point loading system was used with a 3.658 m (12 ft) center-to-center distance between two parallel crossheads. The distance between the crosshead and the nearest beam support was 8.382 m (27.5 ft). The experimental and analytical results for the full-scale DT-test beam are compared in Fig. 5 to 7 .
As shown in Fig. 5 , the analytical load-versus-deflection curve is very close to that of the experimental curve from the beginning of the loading to ultimate failure of the full-scale DT-beam. Also, it is worth noting that the analytical and experimental load-carrying capacities of the beam are almost the same (2443 kN). Since the experimentally observed ultimate failure strain of concrete topping 14 was 0.0025, the analytical failure load also corresponds to the same strain level. As mentioned previously, the nonlinear response was predicted using incremental strain controlled approach, wherein applied load was predicted corresponding to each strain level using equilibrium equations. Similarly, it is observed from Fig. 6 that, like deflection, the analytical value of the unbonded post-tensioning strand forces are almost identical to the corresponding experimental values in the precracked and early postcracking stage of the beam. In the advanced post-cracking stage, however, the analytical values of the post-tensioning forces are slightly lower in comparison to the corresponding experimental values. The maximum difference in the analytical and experimental unbonded post-tensioning forces occurs at the ultimate failure of the beam and is equal to 4.1%. In Fig. 5 and 6 , decompression load refers to the load at which all the precompression in tension zone is lost and at which no further increase in the strain (at the location of the first crack) occurs. This load was experimentally determined by the load-versus-strain (near the first crack) diagram. This is used to determine the effective prestress in the pretensioning tendons. Figure 7 shows the load-versus-strain relationships for the strain at the concrete topping. In the figure, tensile strains are shown as positive and compressive strains are shown as negative. It is observed that the analytical and experimental loads versus compressive strain curves at the top of the beam are almost identical and very close to each other.
PARAMETRIC STUDY
To examine the effect of the reinforcement ratio and the level of prestressing on the flexural response of beam, a detailed parametric study was conducted using the developed, nonlinear, special-purpose computer program for the DT-test beam ( Fig. 3 and 4) . The material properties of the CFRP tendons, 25 CFCC strands, 26 sheets, 27 and concrete used in the DT-beam are presented in Table 1 , 2, and 3, respectively. It should be noted that the specified ultimate strength characteristics of tendons and strands are based on the test results, while manufacturers supplied the other properties of tendons and strands. The properties of precast concrete, concrete topping, and sheets are based on the test results. The parametric results are presented and discussed in the following sections.
Effect of reinforcement ratio
The load-versus-deflection relationships of the DT-beam for different reinforcement ratios are shown in Fig. 8 . The 
Fig. 8-Effect of reinforcement ratio on load-deflection response of full-scale DT beam.
reinforcement ratio refers to the total cross-sectional area of prestressing and non-prestressing tendons expressed in terms of equivalent tendons, while keeping the level of bonded prestressing (bpl) * and unbonded prestressing forces (upl) † constants (that is, bpl = 0.41 and upl = 0.31). While varying the reinforcement ratio, the locations of tendons/strands were kept the same and only the cross-sectional area and material properties of tendons were changed based on commercially available tendons 25 and CFCC strands. 26 It is shown that there is no significant effect of the reinforcement ratio on the deflection of the beam in the pre-and early postcracking stages. In the advanced postcracking stage of the beam, however, deflection is significantly affected by the reinforcement ratio. It is observed that for a specific load, deflection is higher for a lower reinforcement ratio. The deflection corresponding to the zero load represents upward camber of the beam. Note that the reinforcement ratio of 0.0017 corresponds to a balanced beam, while other reinforcement ratios (0.0020, 0.0022, and 0.0024) represent over-reinforced beams. It should also be noted that, unlike steel reinforced beams, over-reinforced beams using CFRP reinforcements have better ductility characteristics in comparison to that of underreinforced beams. Hence, in the case of CFRP reinforced beams, over-reinforced sections are desirable instead of under-reinforced sections. Figure 9 shows the load-versus-deflection response for different unbonded prestressing force levels (upl = 0.0 to 0.6) with a constant bonded prestressing force level (bpl = 0.41). In the figure, zero level of unbonded prestressing refers to the zero initial prestressing force in the existing post-tensioning strands. It is observed that, for a specific load, deflection is higher for lower level of prestressing in comparison to that for the higher level of prestressing. It should be noted that the higher level of unbonded prestressing force will result in the higher energy ratio (ratio of inelastic energy absorbed in the beam to the total energy of the beam) for the over-reinforced DT-beam (ρ = 0.002) and hence, the better ductility of the beam. The energy ratios are observed to be higher for a CFRP over-reinforced beam failing due to crushing of concrete. Hence, the crushing of concrete is a desirable mode of failure for a CFRP-reinforced concrete beam.
Effect of level of prestressing

CONCLUSIONS
Based on the present investigation on the CFRP-reinforced beam prestressed with bonded pretensioning CFRP tendons arranged in vertically distributed multiple layers and unbonded external draped post-tensioning CFCC strands, the following conclusions can be drawn:
1. Design equations derived herein predict concrete strains, post-tensioning forces in unbonded strands, momentcarrying capacity, and deflection of the beam that are in close agreement with the experimental values. The analytical and experimental values of the ultimate moment capacity of the DT-beam are almost the same, while the maximum difference (4.1%) in the experimental and analytical values of posttensioning forces occurs at the ultimate beam failure;
2. Design equations will aid the designers to accurately and easily estimate the forces in bonded and unbonded tendons, and flexural capacity of bridge beams of various sections such as DT-section, box-section, and AASHTO-I beam section reinforced with tension and compression non-prestressing tendons and prestressed with bonded and unbonded prestressing tendons with any combination of material characteristics of tendons and concrete;
3. The reinforcement ratio has significant effect on the deflection, moment capacity, and forces in unbonded posttensioning strands;
4. For a specific load, deflection is higher for the lower reinforcement ratio and for the lower prestressing force level in comparison to that for the higher reinforcement ratio, and higher prestressing force level, respectively. The loadversus-deflection curves can be utilized to obtain the deflection of the beam corresponding to the service load, cracking load, and ultimate load of the beam to ensure the serviceability condition of the beam; and 5. The ductility of the beam is improved due to increase in the level of prestressing. The combination of bonded and unbonded prestressing levels (0.3 to 0.6) can significantly increase the moment-carrying capacity and ductility of the over-reinforced beam. * Bonded prestressing force level (bpl) refers to the ratio of total initial prestressing stress to the specified tensile strength of bonded tendons.
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